Introduction and Basic Concept
of an Al-1.6 at % Cu alloy (Kelly and Nicholson 1963) . The work hardening changes by about one order of magnitude if the chemical microstructure (at constant chemical composition) is changed from an Al-Cu solid solution to a two-phase material (by an annealing treatment).
Glassy materials (although known since about 11000 years e.g. in the form of obsidian), have not yet been utilized to a similar extent. The most important applications seem to be windows, lenses, optical fibers, amorphous ferromagnets and coatings consisting of polymers or glasses.
The main reason for this less frequent use of glasses is that they are mostly produced by quenching the melt and/or the vapour. Obviously, this approach does not permit to introduce defects into the glass that are -for example -similar to grain boundaries (cf. Fig. 3c ) or to introduce a chemical microstructure similar to the one shown in Fig. 2 . As a consequence, one cannot control the properties of today's glasses by the controlled modification of their defect and/or chemical microstructures.
It is the idea of nano-glasses to generate a new kind of glasses that allow us to modify the defect microstructure and/or the chemical microstructure of glasses in ways comparable to the methods used today for crystalline materials (cf. Figs. 1 and 2 ). The basic concept of this approach is schematically explained in Fig. 3 by comparing the microstructures of nanoglasses and of nano-crystalline materials. If we consider a melt (Figs 3a and 3e) consisting of one kind of atoms only, we obtain a single crystal (Fig.  3b) if we solidify this melt under conditions close to equilibrium. A nano-crystalline material with a high density of defects in the form of incoherent interfaces is obtained by consolidating nanometer-sized crystals (Fig. 3c) . If the consolidated nanometer-sized crystals have different chemical compositions e.g. Ag crystals and Fe crystals (labelled as A and B in Fig. 3d ), we obtain a multi-phase nano-crystalline material (Fig.  3d) .
It is the idea of nano-glasses (Jing et al. 1989; Gleiter 1991 Gleiter , 2008 Weissmuellar et al. 1991) to apply the analogous approach to non-crystalline materials. In other words, to apply the consolidation of nanometer-sized glassy clusters in order to generate glasses with a high density of interfaces between adjacent glassy regions with either the same or with different chemical compositions. By consolidating nanometer-sized glassy clusters (Fig. 3g) , we generate a non-crystalline solid material that consists of nanometer-sized glassy regions (corresponding to the nanometer-sized crystallites in Fig. 3c ) connected by interfaces with an enhanced free volume and different atomic structure relative to the adjacent glassy clusters due to the misfit between the atoms at the surfaces of the glassy clusters similar to the (noncrystalline) atomic structure of the inter-crystalline interfaces displayed in Fig. 3c . Due to the analogy of the nanometer-sized microstructures of both materials (Figs. 3c and 3g), the glass shown in Fig. 3g is called a nano-glass. Again, if we consolidate nanometersized glassy clusters of different chemical compositions ( Fig. 3h) , we obtain a multi-phase nanoglass that is micro-structurally analogous to the multiphase nano-crystalline material shown in Fig. 3d .
Results and Discussion

(a) Nano-Glasses
Production of Nano-Glasses: So far, nano-glasses have been produced in the following three ways:
(b) Inert Gas Condensation
One way to produce nano-glasses, is by means of inert gas condensation (Fig. 4 ). This production process involves the following two steps [3] [4] [5] [6] . During the first step, nanometer-sized glassy clusters are generated by evaporating (or sputtering) the material in an inert gas atmosphere. The resulting clusters are subsequently compacted at pressures of up to 5GPa into a pellet shaped nano-glass. So far, nano-glasses have been synthesized by inert gas condensation from a variety of alloys: Au-Si, Au-La, Fe-Si, Fe-Sc, LaSi, Pd-Si, Ni-Ti, Ni-Zr, Ti-P (Jing et al. 1989; Gleiter 1991 , Weissmueller et al. 1991 Fang et al. 2012) .
(c) Magnetron Sputtering
This method (Fig. 5 ) has been applied so far to Aubased and a Ti-based metallic glasses (Chen et al. 2011 (Chen et al. , 2013 . The targets used were mixtures of the alloy elements in the form of powders with a particle size of about 100 o C. The background gas pressure was lower than 10 -4 Pa and the working pressure was 0.67 Pa. The nano-glass obtained consisted of glassy regions with an average size of about 30 nm.
(d) Severe Plastic Deformation
Due to the enhanced free volume in shear bands (Li 2002; Shao et al. 2012) , the average free volume content of a glass was found to increase Liu et al. 2010 ) with increasing plastic deformation. However, despite of the similarity between the microstructural features of a nano-glass produced by consolidating nanometer-sized glassy spheres and a nano-glass produced by introducing a high density of shear bands, the results of recent studies by molecular dynamics (MD) suggest (cf. the section on Studies by Molecular Dynamics) that the atomic structure of both kinds of nano-glasses may differ. This conclusion seems to be supported by recent results utilizing Moessbauer spectroscopy to characterize the atomic structure of nano-glasses produced by severe plastic deformation and inert gas condensation. The Moessbauer spectra of a ball milled Fe 90 Sc 10 glass and of a nano-glass produced by inert gas consolidation with the same chemical composition were noted to be different. Moreover, the introduction of excess free volume into a glassy structure by means of introducing numerous shear bands does not seem to apply to all kinds of glassy materials. In the case of an ionic material (LiAlSi 2 O 6 ), severe plastic deformation by ball milling has been applied to modify the structure of the crystalline as well as the glassy form of this material ). The results obtained suggest that the microstructure of the ball milled LiAlSi 2 O 6 glass seems to be similar to the one of the nano-crystalline LiAlSi 2 O 6 Wilkening and Heitjans 2006) .
Structural Studies
(a) Microscopy, Positron Annihilation Spectroscopy (PAS) and X-ray Diffraction
The granular structure a of Sc 75 Fe 25 nano-glass produced by consolidating these Sc 75 Fe 25 glassy clusters at a pressure of about 4.5 GPa is displayed in Fig. 6 showing a Scanning Tunneling Microscopy Image (STEM) (White et al. 2013 ) of the polished surface of a nano-glass specimen. The selected area electron diffraction (SAED) pattern ( Fig. 7a ) evidences ) the amorphous structure of the nano-glass. However, the wide angle X-ray diffraction curve ) of the nanoglass and of a melt-spun glass with the same chemical compositions (Fe 90 Sc 10 ) revealed (Fig. 7b ) that the coordination number of nearest neighbour atoms in the range between 0.21nm and 0.31nm was 10.5 for the nano-glass and 11.3 for the melt-spun glass. If the coordination numbers in the reference glass and in the glassy regions of the nano-glass are assumed to be identical, the coordination number in the glassglass interfaces is found to be 9.1 i.e. reduced by about 20%. (Moessbauer spectroscopy indicated a volume fraction of 35% of glass-glass interfaces in these specimens.) Structural investigations by elemental mapping . The following two lifetime were found: t 1 =169 ps and t 2 =285ps in the as-prepared state (Fig. 8) . Positron lifetimes in the order of 350-500 ps, as indicators of (Fig. 8) . Simultaneously, the intensity of the t 1 component changed from 35% to about 75 % (Fig. 8 ).
In order to study the microstructure of a Sc 75 Fe 25 nano-glass, Small Angle X-ray Scattering experiments (SAXS) were applied . The SAXS curves obtained (Fig. 9a) are composed of the following two components: a power-law component (due to fractal fluctuations of the electron density) and a superimposed hump. The superimposed hump indicates that the structure of the nano-glass consists of regions of higher and lower density. The mean diameter of the regions with higher density was obtained to be about 3.0 nm (Fig. 9b) . By combining the SAXS (Fig. 9a ) and the PAS (Fig.  8) results, one obtains a difference in the electron density of about 17% between the relative densities of the glass-glass interfaces and the glassy regions (i.e. the density difference between the black and gray regions in Fig. 9b ). Similarly, a difference in the density between the glass-glass interfaces and the glassy regions of more than 10% has been reported for an Au-based nano-glass (Chan et al. 2011) . (Jing et al. 1989) . In comparison to the corresponding melt-spun glass, the QS distribution of the nano-glass consists of two components. The first component coincides with the peak of the melt-spun glass. The second one (at about 0.9 mm s -1 , indicated in red in Fig. 10 ) was observed in the nano-glass only suggesting that it originates from the interfaces between the glassy regions. This interpretation agrees with the observation (Jing et al. 1989 ) that the area under the second peak scales approximately with the volume fraction of the interfaces in the nano-glass ( Fig. 11) . From the slope of the line shown in Fig.  11 , the thickness of the interfaces was deduced to bẽ 0.4 nm, corresponding to about two to three atomic spacings. Hence, the structural model ( Fig. 3g ) of a nano-glass (consisting on nm-sized glassy regions connected by glass/glass interfaces with a reduced density) seems to agree with the Mössbauer (Fig. 10 ) as well as with the SAXS (Fig. 9 ) results reported above.
(c) Electronic Structure of Nano-glasses
The different atomic arrangements in the glass-glass interfaces and in the adjacent glassy regions as well as conceivable interfacial segregation effects seem to result in different electronic structures in both regions. A first indication of the different electronic structure was the observation (Jing et al. 1989 ) that the Mössbauer Isomer Shift (IS) of the interfacial component of PdSiFe-glasses ( As the ferromagnetism at ambient temperature is observed only if the Fe 90 Sc 10 nano-spheres are consolidated ( Fig. 12) , one is led to conclude that it is the interfacial regions between these consolidated spheres that are ferromagnetic. Ferromagnetism has never been observed in any melt-spun or vapourdeposited amorphous Fe x Sc 100-x alloys at ambient temperatures (irrespective of the chemical composition). In Fig. 13 the temperature dependence of the magnetic hyperfine field of the melt-quenched ribbon of a Fe 90 Sc 10 glass is compared with the one of the interfacial regions of a Fe 90 Sc 10 nano-glass (Ghafani unpublished research). As may be seen, the ribbon exhibits the typical spin glass behaviour characterized by a slope of ~1.5 in the Magnetic Hyperfine Field (B hf ) vs. temperature (T) plot. This behavior is based on the polarization and coupling of localized 3d electrons. In the case of the interfacial component of the nano-glass, the slope of the B hf vs. T plot is found to be ~2 (Fig. 13 ). This slope indicates Zukoeski et al. 1994; Sakai 1992) a dominant contribution of the itinerant electrons to the magnetic coupling in the nano-glass interfaces. The same conclusion is suggested by the magnetic Compton profile of the chemically identical nano-glass (Gafari et al. 2012) indicating that the itinerant ferromagnetism of the Fe 90 Sc 10 nano-glass is based on spin-polarized sp-like itinerant electrons Zukoeski et al. 1994; Sakurai et al. 1994; Sakai 1992) .
If the Young's moduli of a Sc 75 Fe 25 nano-glasses (Chokshi et al., Franke et al. -unpublished) and Au 52 Ag 5 Pd 2 Cu 23 Si 10 Al 6 nano-glasses (Chen et al. 2011 ) are compared with the Young's moduli of the corresponding melt-quenched glassy ribbons, the moduli of the nano-glasses were found (in all cases studied so far) to be higher. As the atomic density in the nano-glass interfaces is reduced in comparison to the density of melt-quenched glasses with the same chemical composition (Fig. 9) , the enhancement of the Young's moduli indicates that the interatomic interaction i.e. the electronic structures of the nanoglasses differ from the ones of the corresponding melt-quenched glasses. This conclusion agrees with the results of recent Nuclear Resonant Vibrational Spectroscopy (NRVS) measurements performed at 300K. The mean interatomic force constants in a Fe 90 Sc 10 melt spun glass was found to be 138.195 N/ m whereas the one in the nano-glass was almost 10% higher (147.965 N/m) (Ghafari unpublished). *
(d) Structural Model of Nano-Glasses
In summary the structural model of metallic nanoglasses that emerges from these observations is displayed in Fig. 14. Nano-glasses are non-crystalline solids consisting of the following two kinds of structurally different regions (somewhat similar to the crystals and the grain boundaries of poly-crystals). Regions (red and yellow in Fig. 14) with the same atomic structure as a glass produced by rapidly quenching the melt. These regions originate from the nanometer-sized glassy clusters that were * It should be noted that the Young's modulus measurements for the nanoglass exhibited a significantly larger scattering than the ones for the ribbon. One reason may be that the nano-glass has a larger porosity and/or local fluctuations in the chemical compositions. However, the scattering was in all measurements less than the enhancements of the moduli. Moreover, the NRVS data do not depend on porosity. consolidated in order to produce the nano-glass. Between these glassy regions interfacial regions (dark blue in Fig. 14) exist. In these interfacial regions, a new kind of non-crystalline atomic structure (different from the glassy atomic structure in the red and yellow regions) is formed. This new noncrystalline structure is associated with an electronic structure that differs from the one of the corresponding melt quenched glass. The new kind of non-crystalline structure is -according to the results reported above-characterized (relative to the glassy structure in the red yellow regions) by a reduced density, an enhanced spacing between next nearest neighbour atoms and a reduced number of nearest neighbour atoms. The new electronic structure of these interfaces is suggested by the observation of a reduce s-electron density (Moessbauer spectroscopy), an enhanced Young's modulus and atomic force constant in NRVS, an enhanced Curie temperature and enhanced hyperfine field as well as itinerant ferromagnetism ) instead of a spin glass structure.
(e) Structural Stability of Nano-Glasses
Figs. 15a-g display the results of a Molecular Dynamic (MD) simulation of the microstructural evolution of a three-dimensional nano-glass formed by sintering together glassy spheres (diameter 5 nm) of Ge (Mandelev 2007; Sopu et al. 2009 ). The sintering is caused by applying a hydrostatic pressure of 50 kbar at 300 K.
Figs. 15b-d and e-g present the computed evolution of the atomic structure of this Genano-glass. The figures in the upper row of Fig. 15 (Figs. 15e-g ) display the arrangements of the atoms in a thin slab (parallel to the x-y plane, Fig. 15a ) with a thickness of 1.5 nm that was cut out of the sintered Genanoglass.
Initially (Fig. 15 e) , the fcc arrangement of the glassy Ge spheres (Fig. 15 a) results in a regular arrangement of voids between these spheres (Fig. 15  e) . As the sintering process continues (Figs. 15 f and  g ), the size (volume) of these voids is reduced. In the contact regions between adjacent spheres, glass-glass interfaces are formed. Simultaneously, the widths of these regions of enhanced free volume increases i.e. the interfaces delocalize.
In order to study the structural changes occurring in nano-glasses during annealing in more detail, SAXS/WAXS measurements [14] as a function of temperature and time were performed (Fig. 16) . The results displayed in Fig. 16 indicate that when the nano-glass is annealed at temperatures below 230°C (Fig. 16) , the width of the glass-glass interfaces increases as a function of temperature. Simultaneously, the relative electron density difference between the glassy and the interfacial (Fig. 12) as well as itinerant ferromagnetism instead of a spin glass structure (Fig. 13) regions decreases (Fig. 16, left (Figs. 15) , the following discrepancy is apparent. The MD results suggest that in the nanoglasses the delocalization process of the glass-glass interfaces occurs -even at relatively low temperatures (e.g. at 300 K) -within a few picoseconds (Figs 15 c  and d) . However, the experimental observations suggest the delocalization to require -even at 500 K (Fig. 16 ) -many hours or days. This discrepancy may result from one or both of the following reasons. The first reason may be a chemically inhomogeneous microstructure of the nano-glass as was reported above for the as-consolidated Sc 75 Fe 25 nano-glasses. The second reason seems to be that the interatomic interaction potential between the atoms in the glass-glass interfaces differs from the one in the glassy regions due to the different electronic structures in both structural components.
(The experimental evidence indicating this difference was discussed above).
Properties of Nano-Glasses
(a) Ferromagnetism in FeSc Nano-Glasses Figure 17 presents the magnetization loops -M Cao et al. 2010) . In contrast, the magnetization curve of the Fe 90 Sc 10 nano-glass indicates that it is ferromagnetic and it exhibits an average magnetization of about 1.05 o C B per Fe atom.
As has been discussed above, the origin of this ferromagnetism seems to be the different atomic as well as electronic structures of the glassy regions and the interfaces between them.
Plastic Deformation of Nano-Glasses (a) Experimental Observations
By using micro-compression experiments , the deformation behaviour of the following two kinds of glasses were investigated: (1) a meltquenched ribbon of a Sc 75 Fe 25 metallic glass and (2) an as-prepared Sc 75 Fe 25 nano-glass. The stress strain plots of these two glasses are displayed in Fig. 18 . As may be seen from Fig. 18 , the glassy ribbon exhibits brittle fracture (at stresses between about 1900 and 2200 MPa) at a strain of about 5%. The plastic deformation after fracture was less than 1%. The mechanical properties of the glassy ribbon differed significantly from the plastic deformation observed for the corresponding Sc 75 Fe 25 nano-glass, as may be seen from Fig. 18 . The Sc 75 Fe 25 nano-glass (in the as prepared state) was found to yield at a stress of about 1250 MPa. Beyond the yield point, the nanoglass exhibited extensive plastic flow up to about 15%. The fracture stress was about 1950 MPa, which is comparable to the fracture stress of the ribbon. This enhanced ductility may be understood (Albe et al. 2012; Sopu et al. 2011) in terms of the high density of glass-glass interfaces which may act as nucleation sites for numerous shear bands. In fact, the annealed nano-glass (annealed below T g ) was found (as expected on the basis of this model) to retain a remarkable compressive plasticity with a slightly increased yield strength (~1580 MPa) as well as an increased fracture strength (~2180 MPa). In fact, this interpretation seems to agree with the following observations on the enhanced plasticity of glasses. Lee et al. 2007 obtained enhanced plasticity in ZrCuNiAl glasses with a heterogeneous microstructure consisting of hard regions surrounded by soft ones (Wang et al. 2009 ). Other approaches, such as cold rolling (Cheng et al. 2008) , elasto-static compression Cheng et al. 2008) or nanometer-sized structural heterogeneities (Hofmann 2008; Cheng et al. 2008) , have also been shown to result in enhanced plasticity. 
(b) Studies by Molecular Dynamics (MD)
In order to test these ideas, (Albe et al. 2012; Ritter et al. 2011; Sopu et al. 2011 ) have investigated by means of MD simulation the plastic deformation of a homogeneous metallic glass (Cu 64 Zr 36 ) and in nanoglasses with the same chemical composition consisting of glassy regions with diameters of either 4 or 10 or 16 nm. The deformation temperature was either 50 K or 300 K. Thestrain rates used were varied between 10 7 s -1 and 10 9 s -1 .
The MD simulation results obtained suggest that the glass-glass interfaces of a nano-glass may significantly modify the plastic deformation process in comparison to a melt-cooled glass with the same chemical composition. The stress strain curves for the nano-glasses are displayed in Fig. 19a . Their yield stresses were significantly lower than the one of the corresponding melt-cooled glass. This reduction of the yield stress seems to result from the lower nucleation barrier for shear zones at the glass-glass inerfaces in thenano-glass. The locally reduced density in these interfaces seems to be crucial for this effect. As a consequence, the nano-glasses deformed homogeneously (Fig. 19b ) in contrast to the corresponding melt-cooled glass (labelled BMG in Fig. 19b ) which exhibited localized deformation in the form of one or a few single shear bands, resulting in a significant stress drop in the stress-strain diagram.
(e) Biocompatibility of Nano-Glasses
Due to their high strength, large elastic limit and excellent corrosion resistance, metallic glasses are considered to be promising biomaterials e.g. for medical implants. One of the most widely used implantable metals, titanium and its alloys have attracted considerable scientific and technological interest due to the intrinsic bioactivity, the high resistance to wear and to corrosion resistance of Ti as well as of many Ti alloys. Thus, substantial efforts were devoted to the development of biocompatible Ti-based bulk metallic glasses (BMGs) (Linde 1966; Ma 2003; Hauser 1975; Nastasi et al. 1985) . However, without Ni -which is toxic to the human body -Ti-based alloys generally exhibit a lower glass-forming ability (Oak et al. 2007; Morrison et al. 2007 , Qin et al. 2007 ) than the other metal-based BMGs, for example, Zr-based, Cu-based or Fe-based alloys.
On the other hand, it is known that the cellular response to materials is significantly influenced by the microstructure of the implanted materials, their surface roughness, their surface topography and their chemical composition. Therefore, the ability to tailor the microstructures as well as the surface structures of biomaterials by means of nano-glasses may pave the way for designing new glassy materials with improved biocompatibility.
In order to study (Chen et al. 2013 ) the effect of the nano-scale microstructure of nano-glasses on the bioactivity, hierarchically structured layers of Ti 34 Zr 14 Cu 22 Pd 30 metallic nano-glass were created by magnetron sputtering on different substrates. In order to evaluate the cell proliferation on the surfaces of these materials, ten thousand osteoblasts were seeded on the free surface of either a Ti 34 Zr 14 Cu 22 Pd 30 metallic nano-glass or on the free surface of two metallic glass ribbons (same chemical composition). As is shown in Fig. 20 the ribbons displayed a lower bioactivity than both, the nano-glass as well as a Ti control specimen. The significance of nanometer-sized structure of the surface of nano-glasses agrees with the results of recent studies (Arnold et al. 2004; Haung et al. 2009; Selhuber-Unkel et al. 2010) indicating that the spatial patterning of biochemical cues controls several cellular processes such as spreading, adhesion, migration and proliferationof cells. In fact, these studies indicate that the lateral spacing of individual integrin receptor-ligand bonds determines the strength of cellular adhesion. This seems to be so because integrin clustering and adhesion induced arginineglycine-aspatic acid (RGD) ligands depend on the local order of the ligand arrangement on the substrate if the average ligand spacing is above 70 nm. Adhesion is "turned off" by RGD patterning above 70 nm and "turned on" below this spacing.
(d) Catalytic Properties
Organosilanols are utilized as versatile building blocks for silicon-based polymer materials (Nagendran 2004; Murugaval 2004) , as well as coupling partners in metal-catalyzed coupling reactions (Denmark and Sweis; Hirabayashi et al. 1998; Denmark and Wehrli 2000) . As a consequence, methods for removing silanes by an oxidation process with water is attractive from an environmental viewpoint. This oxidation processsummarized in eqn. (1) -should be catalyzed by a heterogeneous catalyst because the catalyst is reusable and the co-product of this oxidation process would be non-polluting hydrogen gas Chauhan et al. 2009; Mitsudome et al. 2009; Yang and Nieh 2007; Sond et al. 2010) . The Au 52 Ag 5 Pd 2 Cu 25 Si 10 Al 6 nano-glass (called Au-based NGMG in equation 1) was noted (Chen et al. 2011) to exhibit a high catalytic activity.
Au-based NGMG (1) PhMe 2 Si-H+H 2 O PhMe2Si-OH +H 2 Acetone 300K 24h
In fact, when dimethylphenylsilane was heated with H 2 O in the presence of Au 52 Ag 5 Pd 2 Cu 25 Si 10 Al 6 nano-glass, the yield of the reaction (after 24 h at 20°C) catalyzed by Au 52 Ag 5 Pd 2 Cu 25 Si 10 Al 6 nano- In order to check if any leaching occurred from the Au 52 Ag 5 Pd 2 Cu 25 Si 10 Al 6 nano-glass, the reaction mixture was filtered to remove the catalyst. In the absence of the catalyst no dimethylphenysilanol was produced indicating that the oxidation process of with water took place exclusively at the surface of the Au 52 Ag 5 Pd 2 Cu 25 Si 10 Al 6 nano-glass catalyst.
Multi-Phase Nano-Glasses (a) Production of Multi-Phase Nano-Glasses
So far multi-phase nanoglasses have been produced by inert gas condensation (IGC) (Gleiter 2008) and by phase separationon a nanometer scale ).
The first multi-phase nano-glass produced (Fig.  21 ) by inert gas condensation (Chen et al. (unpublished) ) consisted of a mixture of nanometersized metallic glassy clusters with the following two compositions: FeSc and Cu 70 Sc 30 (Fig. 22) .
Observations by TEM and WAXS confirmed that the FeSc-Cu 70 Sc 30 two-phase nano-glass is indeed a random mixture of both kinds of glassy clusters. Upon annealing below the glass transition temperature an amorphous solid solution of FeScCu was formed (Fig.  22, right side) . This result appears remarkable because Fe and Cu are practically immiscible in the crystalline state at similar temperatures.
Although the microstructures of multi-phase nano-crystalline materials and of multi-phase nanoglasses appear similar, there is the following basic difference between both kinds of nano-materials.It is well known from the phase diagrams of numerous alloys that the mutual solubility is in the molten state in most alloy systems much higher than the mutual solubility of the same components in the crystalline state. Well known examples are the high solubility of NaCl or sugar in water and the low solubility of NaCl or sugar in ice. As a consequence in multi-phase nano-glasses, one will be able to obtain glassy solid solutions of components that are immiscible in the crystalline state.
In addition to the multi-phase metallic nanoglasses discussed so far, a wide spectrum of nanoglasses is predicted to exist e.g. with different types of chemical bonds such as nano-glasses of a covalent and a metallic component, nano-glasses with different volume fraction of the components etc. None of these multi-phase nano-glasses has yet been explored.
Multi-phase nano-glasses produced by phase separation have been studied in alloy systems that exhibit negative enthalpies of mixing in the liquid phase. Examples of such systems are Ag-Ni , Cu-Nb , Ag-Cu (Albe et al. 2012; Michaelson et al. 1997; Duwez et al. 1960) , Ag-Fe (Ma 2003) , Ag-Gd (Hauser 1975) , Cu-Ta (Nastasi et al. 1985) and Cu-W (Nastasi et al. 1985) .
(b) Multi-phase Nano-glasses:Nano-porous Materials
In this section, we discuss multi-phase nano-glasses that consist of the following two phases: one phase is anano-porous (mostly crystalline) material, the other phase has a nanometer-sized amorphous structure either in the form of a liquid, a glass or a gas.
The underlying concept of these materials with liquid, glass or gas filled ligaments is that the properties of solid/liquid, solid/glass or solid/ gasinterfaces can be tuned by variation of the state variable in the surrounding medium, for instance, the electric or chemical potential of the electrolyte in the ligaments (Weissmueller et al. 2003) . Fig. 23 is a schematic illustration of the induced electric charge in the surface region of a nano-porous metal due to an electrochemical double layer formed at the interface between the electrolyte and thenano-porous metallic material. By means of this induced electric charge, all properties of the nano-porous metal that depend on its electronic structure may be tuned. Due to the high density of ligaments (~10 15 mm -3 ) the nano-porous material reacts as a whole and hence behaves like a micro-structurally homogeneous solid of macroscopic dimensions with tunable mechanical, electrical, magnetic etc. properties.
(c) Surface Stress Driven Actuation
So far electric charge driven actuation has been studied in nano-porous metals (Weissmueller 2003; Kramer 2004 ) carbon nanotube materials (Baughman et al. 1999) , vanadium oxide nano-fibers (Gu et al.) and conducting polymers (Baughman 1996) . In nanoporous metallic materials, strain amplitudes of up to 0.1 (i.e. strains comparable to those of commercial piezo-ceramics) were reported (Weissmueller 2003; Kramer 2004) . Figure 24 shows the scanning electron micrograph of a surface of nano-porous Au. If samples of this kind were immersed in one the following aqueous electrolytes: H 2 SO 4 (0.5 M), HCIO 4 (1 M) or KOH (1 M) and if an electro-chemical potential was applied between the Au and one of the electrolytes, the resulting strain varied almost linearly if it was plotted against the surface charge density (Fig. 25) .
In addition to nano-porous metals, chargedriven reversible actuation of carbon nanotubes has been studied for carbon single-walled-nanotube sheets (SWNT) (Baughman 1996) as electrolytefilled electrodes of a super-capacitor. If the applied voltage was varied, an electronic charge was injected into the SWNT electrode. This charge injection results in dimensional changes of the carbon nanotubes.
(d) Surface Chemistry Driven Actuation
Although actuation in biological systems, e.g. of muscles, is exclusively powered by chemical energy, this concept has not been realized in man-made actuator technologies for a long time.
However, in recent years, man-made surfacechemistry driven actuators have been reported that are based on metallic materials as well as on electrically conducting polymers such as polyaniline and polypyrrole. These materials actuate by electrochemically inserting solvated dopant ions into a conducting-polymer electrode and may produce strains (up to 26%) matching those of natural muscles (Bienar et al. 2009; . The second type of surface-chemistry driven actuators are based on dielectric elastomers which constitute capacitors. Actuation results from the attraction between charges on opposite capacitor electrodes. A third type of artificial muscles uses the volume change of an electrolyte and electrostatic repulsion (Dasgupta et al. 2008; . These actuators (Ghosh et al. 2006 ) consist of two metallic nanoparticle electrodes that are both filled with a solid electrolyte and separated by this electrolyte. Tensile strains of up to 40 % have been produced .
(e) Density Driven Actuation
Recently, thermally, electro-thermally and photothermally powered torsional and tensile actuation of hybrid carbon nanotube yarn has been demonstrated (Lima et al. 2012 ) by means of infiltrated (mostly with wax) twist-spun carbon nanotubes. They are electrolyte-free and provide high force, large stroke torsional and tensile actuation with tensile contractions of 3 % with up to 1200 cycles/minute. If the wax was molten, its thermal expansion increased the diameter of the infiltrated nanotubes and -as a consequence -the tubes contracted with a force that was up to 104 times the weight of the actuator.
(f) Electric Conductivity
Already in 1973 a first attempt to vary the resistivity of a metal electrochemically was performed by . These authors immersed a thin gold film in an aqueous Na 2 SO 4 solution. The experiment, however, yielded only a small change of about 0,4 % of resistivity.
In recent years, the availability of nano-porous materials opened the way to new studies in this area Bongfiglioli et al. 1956; Tucceri et al. 1983; Tucceri 2004; Bansal et al. 2007; Weisheit et al. 2007; Mishra et al. 2007) . In fact, more recent measurements of the surface-charge driven resistivity variation were performed for Au and Pt Mishra et al. 2008 ) using electrochemical cells. The observed variation of the conductivity in nano-porous Au was found to depend linearly on the electric charge density. This result suggests that it is the electric charge rather than chemical effects -such as uptake of hydrogen -that causes the observed variations of the resistivity/ conductivity. This conclusion is further supported by cyclic voltagrams of the porous nano-crystalline Pt specimen as well as by literature data (Haman and Vielsteich 1988) . The interpretation of the experimental results mentioned so far in terms of the charge-induced variation of the electrical resistance of a metal is furthermore supported by studies of the resistance variation of graphite fibers used in supercapacitors as well as by studies using nanometer-sized ITO layers (Dasgupta 2006) . Because of the much lower carrier concentrations in graphite and in ITO, a substantially higher resistance variation occurs under identical charging conditions in comparison to e. g. nano-porous Pt or Au Mishra et al. 2008) . In fact, the resistivity of a 3.6 nm thick ITO layer with a carrier density of about 10 20 cm -3 varied by about 300% if a voltage of about 1 V was applied. This remarkable resistivity change could be understood in terms of the variation of both, the charge carrier density and their mobility.
(g) Superconductivity
One approach to modify the electric properties of superconductors is by introducing impurities into the crystal lattice e. g. by chemical doping. An alternative approach involves tuning the density of charge carriers by applying an external electric field. Recently superconductivity has been induced by means of this approach in strontium titanate, SrTiO 3 . (Ueno et al. 2008) . In fact, SrTiO 3 was doped by using SrTiO 3 as one of the electrodes in an electrochemical cell as is shown in Fig 26. When immersed in an organic electrolyte with a platinum wire electrode, the resistance of the SrTiO 3 declined sharply at voltages above 2.5 V. Upon reducing the temperature to 0.4 K, the normally insulating SrTiO 3 became a superconductor (Fig. 26) . Examination of the SrTiO 3 surface revealed that this transition is due to the accumulation of positive electric charge near the surface rather than to electrochemical reactions.
(h) Ferromagnetic Properties 3d-transition metals are known to have partially filled d-bands in the metallic state. For convenience, this is often expressed by interpreting the magnetization to arise from holes in the 3d band. Hence, if Ni is charged (by an applied voltage) with excess electrons, these excess electrons may fill the unoccupied 3d states of Ni. Just as in the case of e.g. Ni-Cu alloys, the changing population of the unoccupied 3d states may be expected to modify the magnetic properties of Ni. Indeed, recent measurements support this idea (Figs. 27 and 28) . In fact, the magnetic moment of a nano-prous Pd 67 Ni 33 alloy, the pores of which were filled with an electrolyte (KOH, 1N) , the magnetic moment of the Pd-Ni alloy was seen to vary by almost 40% if a potential of ± 0.5 V was applied between the electrolyte and the Pd 67 Ni 33 alloy . A comparable variation of the magnetic moment was noted (Fig. 27 ) in nano-crystalline Pd if the electronic structure was varied by applying an external voltage . In fact, the variation of the magnetic properties by means of tuning the electron density may even open the way to synthesize materials in which ferromagnetism may be "switched on and off".
Direct evidence for the variation of the electron density in the d-band as a function of the applied voltage has been obtained by means of X-ray absorption studies of nanometer-sized Pt-25 at% Ru crystallites (McBeen and Mukherjee 1995) . The strong increase and decreases in optical absorption (Fig. 28) which occurred on the two flanks of the 380 nm plasmon band of the silver particles indicate that the band is shifted towards shorter wavelengths upon electron (and to longer wavelengths upon positive hole) injection. 
Conclusions (a) Outlook
This paper has been started by considering the role of materials in the history of mankind. Hence it seems appropriate to close the paper by considering the conceivable implications of the development reported here for the future of mankind.
In the past, the understanding and utilization of materials such as metals, semiconductors, ceramics etc. resulted in specific periods of the development of mankind. In fact, the names of some of these periods were selected according to the names of these materials such as the ironage, the bronze age etc. The majority of these materials were crystalline materials. The main reason for the preference of crystalline materials was the fact that one can control their properties by modifying their defect microstructure and/or their chemical microstructure. In fact,utilizing the controlled variation of the properties for each group of these crystalline materials opened the way tonumerous new technologies.
Today, we seem to be in a comparable situation for materials with non-crystalline structures. In fact, nano-glasses seem to open the way to new kinds of non-crystalline materials with controllable defect microstructures and/or chemical microstructures resulting in non-crystalline materials with new atomic and new electronic structures and, hence,new properties(in comparison to the properties of the glasses available today that are produced by quenching the melt). Hence, by analogy to the technological developments in the past based on crystalline materials, nano-glasses may permit thedevelopmentof a large variety of newtechnologies that are not possible with the glassy materials we have today.
A prerequisite for a development of this kind is, however, that one succeeds in developing economic methods for producing large quantities of nano-glasses with well controlled microstructures.
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